Abstract-This paper presents a new form of reconfigurable band notch resonator with a wide tuning range. The whole structure consists of a through line and two parallel coupled resonators. This paper presents an accurate lumped element equivalent circuit for the parallel coupled resonator. The mechanism giving rise to the wide tuning range is also investigated. The first harmonic of the fundamental stop-band is analyzed and compared with that of the varactor-coupled resonator. Measurement results show that the stop-band of the filter can be tuned from 0.6 to 4.0 GHz. This is achieved by varying the capacitance of two pairs of varactor diodes. The stop-band tuning range is restricted by the capacitance variation which can be achieved using the varactor diode. The potential tuning range of a filter based on this resonator is greater than one decade.
I. INTRODUCTION
T UNABLE band notch filter will be an important RF component within the front-end of radio receivers and measuring instruments. Tunable band notch filters provide a means for controlling noise level, when this is dominated by interference. Band notch filters with a tuning range of several octaves or even one decade are necessary for some systems, such as cognitive radio (CR) [1] - [7] . A variety of microstrip tunable band stop filters has been presented in the literature. The resonator cells in those designs can be divided into three different groups, namely, those incorporating the following: 1) slots which are etched in the main transmission line [1] , [8] ; 2) special shapes which are etched into the ground plane (also known as a defected ground structure) [9] - [11] ; and 3) microstrip coupled line resonators located near the main transmission line [12] . One of the most popular techniques for achieving continuous stop-band tuning is to use a varactor diode [9] - [18] . A number of reconfigurable band stop filters have also been proposed, based around electromechanical systems (MEMS) technology [19] - [21] . Unfortunately, most of the tunable band stop resonators reported to date cannot achieve an octave tuning range [5] - [12] . Hong et al. [1] present a reconfigurable resonator which is integrated within the main transmission line. That band stop resonator can be tuned from 4 to 7.2 GHz. Huang et al. [9] report a tunable band stop resonator based around a defected ground structure, using E-shaped slots. The structure has a tuning range of 12.4%. Hunter et al. [12] describe a filter based on a varactor-loaded band stop resonator. The band notch can be tuned continuously from 3.5 to 4.5 GHz. Wang et al. [17] present a band stop resonator with wide tuning range, but unfortunately, the first harmonic is close to the fundamental stop-band. Finally, Carey-Smith et al. [16] describe a structure based around a combination of varactors and PIN diodes. Although the structure can be tuned over a wide range of frequencies, it is very complex. Also, when operating at 0.5 GHz, the first harmonic of the fundamental stop-band is located at 1.9 GHz, which is within the filter's passband. This paper describes a new tunable band notch resonator with a wide tuning range and a reduced harmonic. This enables two such resonators to be cascaded to form a band notch filter with a very wide tuning range. Section II discusses the limitations of existing types of band notch resonators, and Section III describes the novel resonator and gives the results of a brief parametric study. An equivalent circuit for the resonator is presented in Section IV. Section V discusses the design of a two-section filter and presents simulation and measurement results. Section VI draws the conclusions of this work. Fig. 1 shows the equivalent circuits for two of the most common forms of band stop resonators. In these circuits, Z 0 signifies the characteristic impedance of the connected transmission line. It is very easy to tune the capacitance of a filter by using a varactor, but it is more difficult to vary its inductance. Consider the circuit shown in Fig. 1(a) . If only the capacitance is changed, then the loaded Q-factor will reduce as the operating frequency is increased. Similarly, in the circuit of Fig. 1(b) , if the capacitance is tuned in isolation, then the Q-factor will increase in proportion to the operating frequency.
II. LIMITATIONS OF BAND NOTCH RESONATORS
Several tunable band stop resonators from the literature have been listed in Fig. 2 . The resonator shown in Fig. 2(a) can 0278-0046 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. [12] . (d) Varactor-coupled stub [16] .
(e) Equivalent circuit of the varactor-loaded stub and varactor-coupled stub [16] .
be modeled using an equivalent circuit of the form shown in Fig. 1(a) , while the resonators shown in Fig. 2 (c) and (d) can be modeled using an equivalent circuit of the form shown in Fig. 1(b) . The limitations on the tuning range, for each configuration, are analyzed separately.
In those cases where numerous coupled capacitors are employed within a varactor-based band stop filter, the tuning range is limited [9] . Fig. 2(a) shows the structure of the tunable E-shaped band stop resonator incorporating several varactors [9] . Fig. 2(b) shows the equivalent circuit [9] ; C 1 , C 2 , and C g correspond to coupling in the resonant structure. The total capacitance between port 1 and port 2 is given by [9] 
For the filter described in [9] , C 1 = 1.1 pF, C 2 = 0.59 pF, and C g ≈ 0 pF. The total capacitance of this structure C t changes from 2.25 to 1.70 pF when C v changes from 20.1 to 0.6 pF. The resonant frequency change is proportional to the change in total capacitance, and it is clear that the additional capacitors in this configuration limit the tuning range.
On the other hand, a simple configuration of resonators, incorporating fewer coupling capacitors, is more likely to yield a wide tuning range. Carey-Smith analyzed the varactor-loaded and varactor-coupled stubs [16] shown in Fig. 2(c) and (d) . Fig. 2(e) shows the equivalent circuit of the varactor-loaded and varactor-coupled stubs [16] . For the varactor-loaded stub, an infinite capacitance ratio would be required to yield a tuning range of one octave [16] .
For the varactor-coupled stub, shown in Fig. 2(d) , on the other hand, a capacitance ratio of 30 is required to produce a tuning range of 3 : 1 [16] . Over this range, the loaded Q will change from 2 to 70 [16] . At the high end of the tuning range, the reactance associated with C 1 is low, and the short circuit is transformed into a high inductance. The loaded Q-factor is very high. For a low resonant frequency, C 1 is high under this condition, and the short circuit is transformed to a low inductance. Consequently, the loaded Q-factor is very low.
Another disadvantage of the varactor-loaded and varactorcoupled stubs is that the first harmonic is strong and also close to the operating frequency.
III. NOVEL BAND NOTCH RESONATOR
This paper presents a novel resonator having a wide tuning range. The performance of the novel resonator is carefully compared to that of a varactor-coupled stub [16] . Fig. 3 shows the structure of the novel resonator. It consists of a pair of 50-Ω transmission lines and a parallel coupled resonator (both shaded in gray). A pair of varactor diodes is connected between the through line and the coupled line. A dc bias line is used to control the varactor diodes. This is shaded dark gray in Fig. 3 . Table I shows the parameters of the proposed resonator. The length of the resonator (L f ) together with the value of varactor capacitance determines the operating frequency of the resonator. L f is nearly λ eff /4 at the upper end of the tuning range, where λ eff is the effective wavelength of energy in the microstrip line. The widths W 1 and W 2 were made equal for simplicity and thin for integrating the energy. The gap (g) determines the coupling of the parallel coupled line. It is optimized by hand to ensure that the stop-band can be tuned continuously across the full operating range.
Reducing the width of either the microstrip line (W 1 ) or the coupled line (W 2 ) will have the effect of increasing the strength of the inductive coupling between them. Another effective method of increasing the inductive coupling is to reduce the gap (g) or to add capacitors at the ends of the resonator. The latter will have the effect of increase in the electrical coupling rather than the inductive coupling. Two varactor diodes are employed in the novel structure. This yields three important performance benefits: First, it allows the frequency location of the reactance peak to be adjusted. Second, it increases the electrical length of the resonator, without affecting its physical length. This makes the resonator more compact. Finally, the capacitors short the resonator to the main transmission line at the harmonic frequencies, effectively reducing the amplitude of the harmonics.
A surface mount varactor diode from MDT Corporation (MV31009) was employed in the prototype circuit. This varactor diode has a very wide capacitance tuning range of approximately 1-20 pF. It also has a low parasitic resistance of 0.455 Ω and an inductance of 0.17 nH, both in series with the junction capacitance, and a package capacitance of 0.1 pF in parallel across the junction [22] .
The filter is fabricated on an FR4 substrate having a thickness of 0.8 mm, a permittivity of 4.9, and a loss tangent of 0.02. As the insertion loss of the filter is dominated by the parasitic resistor in the varactor, the high level of loss inherent with the use of an FR4 substrate is acceptable. Fig. 4 (a) and (b) shows the transmission line model for the parallel coupled resonator and the varactor-coupled resonator, respectively. Both of these models were based on a substrate having a thickness of 0.8 mm and a permittivity of 4.9. The parameters are shown in Table II. A transmission line model of the varactor-coupled resonator was constructed in Microwave Office. of the varactor-coupled resonator can be tuned from 0.38 to 1.02 GHz. This represents a tuning range of 2.68-1, and it can be achieved by varying C v from 15 to 1 pF. The FN of the novel resonator, on the other hand, can be tuned from 0.43 to 1.61 GHz (a range of 3.74-1).
In Fig. 4 , when C v is 15 pF, the first harmonics are located at 2.72 and 2.97 GHz for the varactor-coupled resonator and parallel coupled resonator, respectively. However, the attenuation of the first harmonic is much lower in the new resonator (0.8 dB) when compared with the varactor-coupled resonator (29 dB). The reason for this is that the varactor behaves like a short circuit at high frequency, yielding low attenuation, whereas in the varactor-coupled resonator, the stub gives rise to a high level of attenuation.
As noted in Section I, the Q-factor of the varactor-tuned resonator decreases as the frequency increases, thus confirming that its equivalent circuit is of the form shown in Fig. 1(b) . However, for the new resonator, Q increases with frequency, indicating that it has an equivalent circuit of the form shown in Fig. 1(a) . The equivalent circuit is discussed in the next section.
IV. EQUIVALENT CIRCUIT AND EFFECT OF PARAMETER VARIATIONS
This section analyzes the parameters and performance associated with the novel resonator. An accurate equivalent circuit has been developed. This circuit can be used to calculate the operating frequency of the resonator along with 3 dB. Fig. 6 shows the equivalent circuit for the novel resonator. This equivalent circuit can be divided into five parts, namely, three fourport networks and two 50-Ω transmission lines. The nodes in the circuit are labeled in Fig. 6 , e.g., P 11 . Fig. 7 (a) and (b) gives the equivalent circuits for the parallel coupled line and loaded capacitors, respectively. The four-port ABCD matrix is presented by [23] ⎡ 
For the parallel coupled line
The ABCD matrix for the parallel coupled line is denoted A 12 [23] , where
where Z 0e even-mode characteristic impedance; Z 0o odd-mode characteristic impedance; θ e even-mode electrical length for a given physical length; θ o odd-mode electrical length for a given physical length. For the loaded capacitor
The ABCD matrix for the loaded capacitor is denoted A 11 , where
In (6), Z vc represents the impedance of the capacitor. The total ABCD matrix of the capacitors and the parallel coupled microstrip line is given by
It can be observed from Fig. 6 that ports P 12 and P 33 are both open circuited. The S-parameter between ports P 11 and P 34 can be deduced from A 1 and represented as follows: 
The filter, based on the novel resonator, is fabricated on a TMM4 substrate from Rogers Corporation. This substrate has a thickness of 0.508 mm and a permittivity of 4.5. The coupled line is 0.5 mm wide, and it is separated from the main transmission line by a gap of 0.5 mm. The microstrip line is thinned to 0.5 mm in the coupled section. The data used to plot Figs. 8-13 were obtained through theoretical calculation using (8) in MATLAB. Fig. 8 plots the resonant frequency as a function of varactor capacitance for resonators having different electrical lengths at 0.5 GHz (le). It can be observed that, for a given value of capacitance, the resonance frequency is highest when le is short. Fig. 9 shows the 3-dB bandwidth as a function of the varactor capacitance for resonators having different electrical lengths. It can be observed that the variation of the 3-dB bandwidth across the capacitance tuning range is reduced when le is long.
It can be observed from Fig. 8 that two resonators with different le values can be cascaded to cover a wider tuning range. For example, when le is set to 0.1λ e , the tuning range extends from 0.28 to 1.0 GHz as the capacitance is tuned from 30 to 2.5 pF. When le is set to 0.015λ e , the tuning range extends from 1.0 to 5 GHz as the capacitance is tuned from 16 to 0.5 pF. The potential tuning range of two cascaded resonators is nearly two decades. However, in that case, the first harmonic of the resonator that operates at the lower frequency will lie within the filter's passband.
The ratio of the harmonic frequency to the fundamental resonant frequency (denoted H/F in this paper) can be calculated from (8) . This is an important figure of merit for a filter, such as this. Fig. 10 presents the H/F as a function of varactor capacitance for resonators having different electrical lengths. It can be observed that the passband between the first notch frequency and the first harmonic is wider when le is small. H/F is smaller than 10 because le is longer than 0.1λ e . Consequently, the potential tuning range is less than one decade. There is a tradeoff to be made between the H/F ratio and the stability of the 3-dB bandwidth over the tuning range. In the proposed design, the H/F ratio is high because le is shorter than 0.015λ e , as seen in Fig. 10 . However, the 3-dB bandwidth varies a lot over the whole tuning range, as seen in Fig. 9 . If the lowest resonant frequency is set to around 0.5 GHz, le should be in the range 0.025λ e to 0.05λ e , as shown in Fig. 8 . Consider the two-section filter design. In this case, it is necessary to design the filter such that the tuning range of the resonator, operating at high frequency, covers (or overlaps with) the highest operating frequency of the low-frequency resonator. The choice of le, for the resonator that operates at high frequency, depends on the lowest frequency which it is required to provide. This, in turn, determines the required capacitance tuning range and 3-dB bandwidth.
The two-section filter design involves selecting le along with other parameters in relation to the resonator. The parameters of the novel resonator, shown in Fig. 3 , have been studied in order to reveal the tradeoffs necessary during the resonator design phase. The effect of varying the width of the resonators (W 1 and W 2 ) and the gap (g) between them has been examined. The capacitance of the capacitors, labeled C v , is set to different values. Fig. 11 shows the S 21 -parameters for the proposed resonator when W 1 is varied while the rest of the parameters of the structure are kept constant. It can be seen that larger values of W 1 give rise to higher resonant frequencies, for a given value of capacitance. This indicates that W 1 makes a significant contribution to the inductance in the equivalent circuit. The insertion loss, at the resonant frequency, increases when W 1 is set to a small value. This is mainly caused by a low loaded Q-factor.
From Fig. 12 , it is clear that increasing W 1 and W 2 simultaneously leads to a rapid increase in the resonant frequency, as expected. The bandwidth of the stop-band and the harmonic frequency are almost unaffected by this change in the geometry. The passband insertion loss increases as the widths of W 1 and W 2 are increased. Consider the low-frequency resonator within a two-section filter. Fig. 12 indicates that, for this resonator, W 1 and W 2 should be set to small values in order to yield high H/F. Fig. 13 shows the simulated S 21 -parameters for the proposed structure as a function of the gap size (g). When the gap is large, a deeper insertion loss can be achieved, at resonant frequency. It can be seen that the bandwidth of the stop-band changes considerably as the gap size (g) is altered. This indicates that the strength of coupling between the coupled line sections has a considerable effect on the bandwidth. It is clear, from Fig. 13 , that there is a tradeoff between the Q-factor and the insertion loss. Fig. 13 indicates that, for the resonator working at low frequency, the value of g should be large. This will help to ensure a high H/F ratio. For the resonator to operate at highfrequency, g should be set to a small value. This also yields a resonance having a slightly narrower 3-dB bandwidth.
An equivalent circuit based on the lumped element of the resonator has also been developed, as shown in Fig. 14 . The lumped element equivalent circuit could provide insight into the operating principle of the novel resonator. This insight is significant for multipole filter design.
L 1 represents the inductance of the main transmission line. L 2 represents the inductance of the resonator. L 1 and L 2 are set to 2.85 and 7.96 nH, respectively. C 1 represents the capacitance between the resonator and the ground plane. C 1 is set to 0.62 pF. The coupling between the two transmission lines in the resonator is represented by a transformer having turns ratio k, which has a value of 0.103 in this equivalent circuit. L in Fig. 1(a) mainly depends on L 2 in Fig. 14 . L 2 does not change as much with frequency as the equivalent inductance in the varactor-coupled resonator, thus giving the wider tuning range. Fig. 15(a) and (b) shows the simulation and measurement results for the novel resonator. The simulation results obtained using the lumped element equivalent circuit are in good agreement with those derived using the transmission line simulation model, which is calculated using (8) . They also agree with the measured results.
V. TWO-SECTION TUNABLE BAND NOTCH FILTER
Based on the analysis in Section IV, a two-section tunable band notch filter is developed. Fig. 16 shows the structure of the tunable band stop filter proposed in this paper. The filter is fabricated on a TMM4 substrate having a thickness of 0.508 mm, a permittivity of 4.5, and a loss tangent of 0.002. The parameters of the filter are listed in Table III . The lengths of the left and right filters L r1 and L r2 are set to 0.046λ e and 0.023λ e , respectively. In the left-hand side resonator, the widths (W 2 and W 3 ) of the two coupled lines are set to 0.19 mm. The gap between them (g 1 ) is set to 1.5 mm; the choice of these dimensions leads to an improvement in the H/F ratio. The righthand side resonator is designed to have a small gap (g 2 ) in order obtain a narrow 3-dB bandwidth. W 4 and W 5 are both set to 0.6 mm, which helps to ensure symmetry in the S 21 curve about the resonant frequency. The two surface mount varactor diodes from MDT Corporation (MV31009) were employed in the parallel coupled resonator on the left. Another two varactor diodes (MV34003) are employed in the resonator on the right. The capacitance of MV34003 varactor diodes can be tuned from 15.535 to 0.509 pF by varying the bias voltage from 0 to 15 V [22] . The capacitance of MV34003 is lower than MV31009 for the same bias voltage. It is used in the resonator that works at high frequency.
The resonator seen on the left of Fig. 16 is simulated using different L r1 values. Fig. 17 shows the simulation result. When L r1 is set to 15 mm, the passband (i.e., where the insertion loss is less than 1.5 dB) extends from 0.55 to 6.3 GHz. When L r1 is set to 30 mm, the passband extends from 0.38 to 3.2 GHz. The passband between the first notch frequency and the first harmonic is wider when L r1 is small. The length of L t1 slightly affects the performance of the filter. It is optimized by hand to get low insertion loss in the passband across the whole tuning range. Fig. 18 shows a fabricated prototype for the band stop filter. DC voltages are applied to the varactors through the bias lines via two 10-kΩ decoupling resistors. The left resonator, which works at low frequency, is defined as the first resonator, and the right resonator, which works at high frequency, is defined as the second resonator. Fig. 19 shows the simulation results of the S-parameters. Fig. 20 shows the measured S results obtained when using the varactor diodes.
Two voltages are applied to the two resonators independently. The left voltage in the legend is applied to the first resonator, and the right voltage is applied to the second resonator. The simulation results agree well with the measured results at most of the resonant frequencies.
However, the resonant frequencies obtained through simulation and measurement do not match perfectly at higher frequencies. The simulation results for the equivalent circuit and full-wave simulation results for the structure (obtained using CST Microwave Studio) at high resonant frequencies are compared. The simulated mismatch of the resonant frequency is less than 0.01 GHz. Unfortunately, at high resonant frequencies, the center frequency is easily affected by the tolerances in the capacitance or the length of the resonator. Normally, the tolerance of the capacitors will be high at high frequencies since is difficult to control parasitic capacitances due to the packaging, etc. The width of the varactor diodes, which is 0.8 mm, will affect the length of the resonator. The simulation results show that the resonant frequency shifts by 170 MHz when L r2 changes by 0.8 mm. The center frequency of the resonator shifts by around 200 MHz as the capacitance varies away from its nominal value of 0.1 pF. The parasitic capacitance introduced by soldering the varactor to the demo board will also increase the total capacitance of the element. The size of the varactor cannot be neglected at high frequency, so the real length of L r2 has to be carefully confirmed.
The center frequency of the stop-band can be tuned from 0.52 to 4.23 GHz. When voltages of 0 and 15 V are applied to the first resonator and second resonator, respectively, two notch bands are observed. The first notch band is located at 0.52 GHz, and the second notch band is located at 4.76 GHz. The passband (where the insertion loss is less than 1.5 dB) extends from 0.6 to 4.0 GHz. The notch band can be tuned from 0.6 to 1.9 GHz by varying the capacitance of the varactor diodes in the first resonator. In the same way, the notch band can be tuned from 1.9 to 4 GHz by varying the capacitance of the varactor diodes in the second resonator. A tuning range of more than three octaves can be achieved using this band notch filter.
It should be noticed that an undesired notch band is located at 0.52 GHz, when the filter is configured to operate at high frequencies. This will be seen on inspection of Figs. 19 and 20. There are possible ways in which to remove this notch band. First of all, the tuning range of the varactor could be increased. This would cause the notch band to shift to lower frequencies and also to become narrower. The bandwidth change can be attributed to an increase in the capacitance of the varactor. The notch band will disappear altogether when the capacitance is higher than 60 pF. Second, PIN diodes could be employed at the edge of the left resonator. In this way, it would be possible to switch the left-side resonator on and off.
In Table IV , the performance of the novel resonator is compared with those of six other tunable resonators. All of the resonators are tuned to operate at their lowest resonant frequency. From the table, it is clear that the electrical size of the novel resonator is close to that of the varactor-coupled resonator and microstrip-coupled resonator. However, it is much smaller than that of the dumbbell-shaped resonator and coupled line resonator. H/F is also given in Table IV . H/F should be as large as possible, as this indicates that the first harmonic will be further away from the fundamental. The novel resonator exhibits the largest H/F. The tuning range of the novel resonator is also wider than that of any of the other resonators. The novel resonator provides reasonable minimum insertion loss (13 dB) at the resonance frequency (denoted IL in the table) across the whole tuning range. Furthermore, the novel resonator exhibits a moderate level of the insertion losses in the passband (denoted IP).
The two resonators can be tuned independently to get two independent notch bands. As shown in Fig. 21 , the two notch bands are located at 0.91 and 2.27 GHz when voltages of 0 and 15 V are applied to the first resonator and second resonator, respectively. In the same way, the two notch bands can be tuned to 1.34 and 3.37 GHz, and also 1.68 and 2.82 GHz by varying the bias voltages.
To demonstrate the performance with high capacitance range varactors, simulations and measurements have been performed. Fig. 22 shows the simulation S 21 -parameters. The equivalent series resistance of the chip capacitor is set to 0.1 Ω. Fig. 23 shows the measured S 21 results with fixed capacitors (ATC 600S). The simulation results agree well with the measured results. When 22-and 0.2-pF capacitors are applied on the first and second resonators, respectively, two notch bands are observed. The first notch band is located at 0.4 GHz, and the second notch band is located at 5.4 GHz, which is shown in Fig. 24 . The passband extends from 0.44 to 4.9 GHz, where the insertion loss is less than 1.5 dB. The stop-band can be achieved within the whole passband by changing the fixed capacitors. For example, when 3-pF capacitors replace the 22-pF capacitors on the first resonator, the stop-band is at 1.1 GHz. This demonstrates that more than one decade tuning range can be achieved. Fig. 24 shows the first and second harmonics of the leftmost resonator. These are located at around 5.4 and 11 GHz. 
VI. CONCLUSION
A novel wide-tuning-range band stop resonator with simple symmetrical structure has been proposed. The principle of this resonator has been analyzed, and the reason for its wide tuning range has been discussed. The tuning range of the total capacitance associated with this structure is more strongly dependent on the varactor capacitance than it is in other structures. The tuning range of this resonator is wider than those of the tunable band stop resonators reported to date. Experimental results show that the stop-band can be tuned from 0.6 to 4.0 GHz by varying the capacitance of the varactor diodes. This resonator has a potential tuning range of more than one decade.
